Microorganisms (bacteria, yeast, and microalgae) are a promising resource for products of high value such as nutrients, pigments, and enzymes. The majority of these compounds of interest remain inside the cell, thus making it necessary to extract and purify them before use. This review presents the challenges and opportunities in the production of these compounds, the microbial structure and the location of target compounds in the cells, the different procedures proposed for improving extraction of these compounds, and pulsed electric field (PEF)-assisted extraction as alternative to these procedures. PEF is a nonthermal technology that produces a precise action on the cytoplasmic membrane improving the selective release of intracellular compounds while avoiding undesirable consequences of heating on the characteristics and purity of the extracts. PEF pretreatment with low energetic requirements allows for high extraction yields. However, PEF parameters should be tailored to each microbial cell, according to their structure, size, and other factors affecting efficiency. Furthermore, the recent discovery of the triggering effect of enzymatic activity during cell incubation after electroporation opens up the possibility of new implementations of PEF for the recovery of compounds that are bounded or assembled in structures. Similarly, PEF parameters and suspension storage conditions need to be optimized to reach the desired effect. PEF can be applied in continuous flow and is adaptable to industrial equipment, making it feasible for scale-up to large processing capacities.
by-products and effluents, industrial wastes, or natural gases such as methane, all of which are generally not used by plants and, moreover, help to decompose pollutants (Huang & Kinsella, 1986; Li, Du, & Liu, 2008; Nasseri, Rasoul-Amini, Morowvat, & Ghasemi, 2011) . Microalgae, for instance, can grow in seawater or fresh water and even in sewage; they perform photosynthesis by fixing CO 2, and use inorganic material as nutrients (Becker, 2004) .
Production of compounds of interest from microbial sources for the food industry can take advantage of the increasing relevance that genetic engineering has acquired in recent years. Microorganisms have a great potential to act as hosts for foreign genes derived from higher organisms such as animals, and can be easily genetically modified to overproduce a certain molecule. These characteristics are exploited for recombinant protein production (Olempska-Beer, Merker, Ditto, & DiNovi, 2006 ).
Macronutrients
The chemical compounds that humans consume in the greatest quantities and that provide us with the bulk of our energy are known as macronutrients. Microorganisms such as algae, fungi, yeast, and bacteria are able to utilize inexpensive feedstock to produce the three primary macronutrients: protein, carbohydrates, and lipids.
Microorganisms produce proteins of great nutritive value, and are thus a potential source of amino acids for humans. Proteins constitute between 50% and 70% of the composition of microalgae (Chacon- Lee & González-Mariño, 2010) . In terms of amino acid quality, the nutritional value of proteins from several microalgae compare favorably with egg, soy, and wheat protein while successfully fulfilling WHO/FAO requirements (Chacon- Lee & González-Mariño, 2010) . Yeast extracts, which are rich in peptides, amino acids, nucleotides, and vitamins, are used as supplements in culture media, but also as flavors and taste enhancers (replacing glutamates and nucleotides) in many canned foods. The waste derived from brewer´s yeast is commonly used for the commercial production of food-grade yeast extracts (Chae, Joo, & In, 2001) . However, some microorganisms also synthesize specific proteins with highly applicable functional properties including vaccines, antibodies, enzymes, blood-clotting factors, immune regulators, growth factors, and hormones. (Yan, Fan, Chen, & Hu, 2016) .
Microalgae store high carbohydrate content in starch grains (pyrenoids), but the cell wall also acts as a reservoir containing sugars such as arabinose, xylose, mannose, galactose, and glucose, which vary according to species and growth phase (Cheng, Zheng, Labavitch, & VanderGheynst, 2011; Ho, Chen, & Chang, 2012; Izumo et al., 2011) . Similarly, yeast accumulates several kinds of carbohydrates. Some of these microbial polysaccharides ( -glucans and glycopro-teins) can modulate the human immune system, thereby acting as favorable sources of biologically active molecules for food supplements and natural therapeutics (De Oliva-Neto, Oliveira, Zilioli, & Bellini, 2016) .
PUFAs are acknowledged as essential nutritional components that prevent cardiac disorders. Oceanic fish consume microalgae and incorporate PUFAs of more than 18 carbons that cannot be synthetized by animals, thus fish have traditionally served as the most common source of these compounds (Wang et al., 2015) . However, the depletion of marine resources and the increment in demand for PUFA have increased efforts in the study of microalgae as potential sources of these health-related compounds (Wang et al., 2015) . Linolenic acid (GLA), arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are microalgae PUFAs of particular interest, with potential applications in infant formulas and nutritional supplements Spolaore, Joannis-Cassan, Duran, & Isambert, 2006) . In addition to microalgae, various microbial oils are already commercially produced, most of them containing high amounts of PUFAs such as GLA in the fungus Mucor circinelloides, AA in the fungus Mortierella alpina, and EPA in the yeast Yarrowia lipolytica (Bellou et al., 2016) .
Pigments
The color of foods is primarily due to pigments such as carotenoids, anthocyanins, betanin, and chlorophylls, either as inherent food constituents or as food or feed additives. These coloring agents that make food attractive have drawn considerable attention in recent years, not only because of their coloring properties, but also due to potential health-promoting effects (Saini & Keum, 2018a) . Pigments are nowadays mostly chemically produced; however, public scrutiny and the negative assessment of synthetic food dyes on the part of modern consumers have given rise to a strong interest in natural coloring alternatives. Microorganisms have been taken into consideration as potential sources of natural pigments because they are capable of high yields while growing in low-cost substrates such as agro-industrial wastes (Buzzini & Martini, 2000) .
Carotenoids are natural fat-soluble pigments synthesized by various microorganisms and plants. They are currently in commercial use as feed additives, natural food colorants, nutrient supplements, precursors of vitamins, and, more recently, as nutraceuticals for cosmetics and pharmaceutical purposes (Jaswir & Monsur, 2011) . Although synthetic forms are cheaper, microbial carotenoids have the advantage of supplying natural isomers, which have proven superior in terms of nutritional and therapeutic value (Becker, 2004) .
Astaxanthin, a carotenoid, imparts the orange-red color to crustaceans and salmonids, thereby playing an important role in consumer appeal; however, animals cannot synthesize it, thus the compound must be supplemented in diet. Xanthophyllomyces dendrorhous yeast and Haematococcus pluvialis microalgae accumulate this pigment, and hundreds of scientific papers and patents have dealt with microbial astaxanthin production (Johnson, 2003; Schmidt et al., 2011) . The generation of mutants has enabled the development of overproducing strains with high astaxanthin yields (Jacobson, Jolly, Sedmak, Skatrud, & Wasileski, 2002) . Yeast of the genus Rhodotorula accumulates the carotenoids torulene and torularhodin, along with a minor amount of -carotene. Torularhodin is an uncommon carotenoid with potential applications ranging from food technology to pharmaceutics. This carotenoid exhibits strong antioxidant activity, acts as a vitamin A precursor, and has been proposed as a colorant for meat products due to its characteristic red color (Moliné, Libkind, & van Broock, 2012; Zoz, Carvalho, Soccol, Casagrande, & Cardoso, 2015) . Recently, the anticancer potential of torularhodin has been demonstrated in vivo on mice (Du et al., 2016) . Another natural carotenoid, zeaxanthin, plays a critical role in the prevention of age-related eye diseases such as macular degeneration and cataracts. This pigment is increasingly used in the food industry because of its strong antioxidant activity and anticancer properties (Zhang, Liu, Sun, Xue, & Mao, 2018) . Microorganisms have been regarded as holders of great potential in obtaining highly pure, cost-effective zeaxanthin (Tuli, Chaudhary, Beniwal, & Sharma, 2015) . Many bacterial species, primarily of the genera Flavobacterium and Paracoccus, have been observed to naturally accumulate zeaxanthin (Bhosale, Larson, & Bernstein, 2004; Hameed et al., 2014; Manikandan et al., 2016) , and genetically modified E. coli has been reported as a source for zeaxanthin production (Zhang et al., 2018) . Other carotenoids synthetized from bacteria are the keto-carotenoid canthaxanthin produced by the photosynthetic bacterium Bradyrhizobium sp., as well as the extremely halophilic bacterium Halobacterium sp. and the widely used carotenoid astaxanthin is also produced by Agrobacterium aurantiacum (Dufossé, 2006) .
Microalgae contain basically three types of pigments: carotenoids, chlorophylls, and phycobiliproteins. Among carotenoids apart from and ß-carotenes, microalgae such as Chlorella sp contain lutein, which is approved as a food colorant by the European Union (E-161 b) and has also a potential role in preventing retinal degeneration, some types of cancer, and cardiovascular diseases thanks to its antioxidant capabilities (Carpentier, Knaus, & Suh, 2009 ). Similarly to carotenoids, chlorophylls are lipid-soluble compounds with low polarity, and they serve commercially as important natural green pigments (Henriques, Silva, & Rocha, 2007) . Moreover, chlorophyll has been associated with health benefits as a nutraceutical agent with antioxidant, antiinflammatory, antimutagenic, and antimicrobial properties (da Silva Ferreira & Sant'Anna, 2017) . Another type of photosynthetic accessory pigments are phycobiliproteins, which are assembled in the thylakoid membranes of chloroplast. These water-soluble proteins are commercially produced from the cyanobacterium Arthrospira and the rhodophyte Porphyridium (Román, Alvarez-Pez, Fernández, & Grima, 2002; Viskari & Colyer, 2003) . The main potential of these molecules is to serve as natural dyes, but an increasing number of investigations have shown their health-promoting properties along with a broad range of pharmaceutical applications, as well as a potential application as fluorescent biomarkers in immunology (Cheng, Xue, Wang, & Pan, 2012; Qiu et al., 2004) .
The hydrosoluble vitamin riboflavin (vitamin B2) has a variety of applications as a yellow food colorant, including dressings, sherbet, beverages, instant desserts, ice-creams, tablets, and other products. Yeast such as Candida guilliermundii or Debaryomyces subglobosus produce up to 600 mg/L of riboflavin (Dufossé, 2006) .
Anthocyanins, apart from acting as colorants, have potential anti-obesity effects due to multiple mechanisms (Xie, Su, Sun, Zheng, & Chen, 2018) . Although these flavonoids are currently obtained from plants, the microbial production of anthocyanins using genetically engineered bacteria that express plant anthocyanins is a promising strategy for future therapeutic use, in view of the association between its structure and activity, (Smeriglio, Barreca, Bellocco, & Trombetta, 2016; Xie et al., 2018) . Recombination techniques, especially in E.coli, have been successfully applied to produce anthocyanins from cheap precursors, attaining reasonable yields (Jones et al., 2016 (Jones et al., , 2017 Lim et al., 2015) .
Enzymes
Enzymes are proteins that accelerate chemical reactions having wide-ranging applications in the food industry. Many food processing procedures are based on the activity of the enzymes of microorganisms. In winemaking, for example, yeast proteases hydrolyze the peptide linkages between amino acid units of grape proteins, improving the clarification and stabilization of must and wine. This proteolytic activity is also used for protein haze reduction (Van Rensburg & Pretorius, 2000) , and plays a major role during the autolysis process in wines aged on yeast lees (Alexandre & Guilloux-Benatier, 2006) .
Since the microbial enzymes that participate in food processing are well known, commercial preparations of isolated enzymes are currently used rather than microbial cells. Pure enzymes industrially extracted from yeast and bacteria have been available for several decades. For example, -glucosidase for the enhancement of wine aroma is commercially isolated from the yeasts Vitis, Saccharomyces, Oenococcus, Aspergillus, or Candida (Longo & Sanromán, 2006) . Different species of Candida, such as C. antarctica, C. rugosa, or C. cylindracea, are able to produce lipases for the performance of esterification reactions in the production of esters from inexpensive raw materials (that is, fatty acids and alcohols) with the purpose of enhancing food aroma (Longo & Sanromán, 2006) .
Further bacterial enzymes are currently being used in the food industry on a widespread scale: pullulanase for the production of maltose syrup, as well as -amylase for the refining of sugar, produced by the bacteria Bacillus licheniformis or Pseudomonas fluorescens (Aiyer, 2005; Olempska-Beer et al., 2006) , which as well, together with proteases, catalyze the inflation and maturation of dough, thereby improving the texture and taste of bread (Nadeem, Butt, Anjum, & Muhammad, 2009) . Recently, bacterial enzymes have been added in alcoholic fermentation to supplement endogenous enzymes with the purpose of reducing the viscosity of starch, forming fermentable sugars, and limit dextrins that improve the quality of beer (Saranraj, Stella, & Reetha, 2012) . In the dairy industry, galactosidase (lactase) obtained mainly from Escherichia coli, Kluyveromyces lactis, K. fragilis, and Candida pseudotropicalis hydrolyzes the lactose of milk, thus making it digestible for lactose-intolerant consumers (Panesar, Panesar, Singh, Kennedy, & Kumar, 2006) . Some enzymes also produce the flavors that help to identify cheese and accelerate its maturation, such as Bacillus spp and lipases, which, for example, generate the preferred flavors in butter (Sharma, Chisti, & Banerjee, 2001) . In the production of amino acids to supplement food, certain enzymes such as aminoacylase, or aspartase from E.coli, are used to produce aspartic acid (Olempska-Beer et al., 2006) . The enzyme tannase produced by yeast Candida sp, Saccharomyces cerevisiae, and Mycotorula japonica catalyzes the hydrolysis of tannins, thereby helping to prevent their undesirable effects in instant tea (Boadi & Neufeld, 2001) . Other yeast enzymes that are useful in the food industry include invertase from Kluyveromyces fragilis, Saccharomyces carlsbergensis, and S. cerevisiae for candy and jam manufacturing, and galactosidase from S. carlsbergensis for the crystallization of beet sugar.
However, enzymes traditionally isolated from cultivable microorganisms are limited in scope and often not well adapted to the conditions and methods of modern food production. For this reason, recombinant DNA technology plays an important role in the manufacturing of novel enzymes for food processing. Decades ago, bovine chymosin used for the production of cheese was expressed in the bacteria Escherichia coli K-12 and in yeast Kluyveromyces marxianus var. lactis, which thereby became the first recombinant enzymes approved for food use by the FDA. Many further recombinant enzymes are now being used (Flamm, 1991; Olempska-Beer et al., 2006) .
MICROBIAL STRUCTURE AND THE LOCATION OF TARGET COMPOUNDS
Although certain highly valuable compounds are released in the growth medium from bacteria, yeast, or microalgae during the normal metabolism of microbial cells, the majority remain inside the cell. Therefore, it is necessary to know the cell's structure and the compound's location before designing effective strategies for compound extraction and subsequent purification.
Bacteria
The cytoplasm of all known microorganisms is encased in a lipid bilayer: the cytoplasmic membrane, composed primarily of phospholipids and embedded proteins. This membrane, which is common in bacteria, yeast, and microalgae, does not have mechanical strength, but maintains concentration gradients among the cell and its surroundings due to its selective permeability to ions and organic molecules. The structure of the phospholipid molecule generally consists of two hydrophobic fatty acid "tails" and a hydrophilic "head" made up of a phosphate group. These amphiphilic phospholipids are arranged so that the hydrophobic "tail" regions are isolated from the surrounding water, while the hydrophilic "head" regions interact with the intracellular (cytoplasm) and extracellular faces of the resulting bilayer. The membrane also serves as an attachment surface for several extracellular structures including the cell wall, the configuration of which depends on the specific microorganism.
The envelope of Gram-positive bacteria has a different structure than that of Gram-negative ones (Figure 1a ). Gramnegative possess a cell wall consisting an outer lipid bilayer membrane and a peptidoglycan layer (7 to 8 nm) that surrounds the cytoplasmic membrane and provides the cell with mechanical strength. The complex outer membrane consists of a lipid bilayer, transmembrane proteins, phospholipids, and lipopolysaccharides. A lipoprotein complex connects the lower portion of the phospholipid bilayer to the crosslinked peptidoglycan layer. Gram-positive bacteria, on the other hand, present a thicker peptidoglycan layer (an outermost layer of 20 to 80 nm) and a much smaller volume of periplasm than in Gram-negative bacteria. Whereas the cytoplasmic membrane acts as a selective barrier to the free diffusion of solutes and regulates transmembrane ion transport and solute gradients, the cell wall allows the unrestricted diffusion of molecules through itself.
In comparison with eukaryotes, the intracellular structures of a bacterial cell are extremely simple and, except for the ribosomes (where protein is synthesized), they do not contain organelles. Proteins produced by bacteria are usually located in the cytoplasm and isolated inside the cell by the inner layer coli are typically located in the periplasmic space between the cytoplasmic membrane and the outer membrane (Meglič, 2016) . On the other hand, pigments and lipids in bacteria are located in the cytoplasmic membrane or in outer membrane vesicles (which, in the case of Gram-negative bacteria, are vesicles of lipids released by the outer membranes).
Yeast
Although yeast species exhibit great diversity in size, shape, and color, and although the composition of cells may even vary within the same species depending on the culture conditions, their typical envelopes are the cytoplasmic membrane, the periplasmic space, and the cell wall (Balasundaram, Harrison, & Bracewell, 2009 ; Figure 1b ). Using Saccharomyces cerevisiae as a model, the outer layer is the rigid cell wall, which is remarkably thick (100 to 200 nm) and serves as a protecting capsule that provides mechanical strength. It is composed of polysaccharides, mainly -glucans and mannoproteins, which are highly glycosylated proteins, as well as of a minor percentage of chitins and other proteins (Quiros, Gonzalez, & Morales, 2012) . Between the cell wall and the cytoplasmic membrane, the periplasm constitutes an interrupted space with invaginations of the membrane and irregularities in the inner surface of the cell wall. A number of important active enzymes are located in this space. Yeast cells likewise possess a cytoplasmic membrane composed mainly of a bilayer of phospholipids with functional proteins embedded (Stewart, 2017) . Yeasts have vacuoles, which are organelles containing inorganic and organic molecules including enzymes in solution.
Vacuoles are dynamic structures that can rapidly modify their morphology according to the cell's requirements. They are involved in many processes including the homeostasis of cell pH and the concentration of ions, osmoregulation, and the storage of amino acids, as well as polyphosphate and degradative processes. Bio-active compounds (proteins, glycoproteins, polysaccharides, polyphosphates, lipids, nucleic acids, pigments, etc.) are retained at various locations within the cell including cell wall, periplasm, plasma membrane, cytoplasm, and vacuoles (Balasundaram et al., 2009 ).
Microalgae
The architecture and cell wall composition of microalgae and cyanobacteria vary widely, ranging from tiny membranes to multilayered complex structures. Based on the complexity of surface structures, four cell types can be distinguished: (I) a simple phospholipid bilayer cell membrane, (II) cell membrane and additional extracellular material, (III) cell membrane and additional intracellular material in vesicles, and (IV) cell membrane as well as additional intra-and extracellular layers (D´Hondt et al., 2017) . The microalgae species most used for biotechnological applications belong to Type I (naked), such as Dunaliella, which is vulnerable to disruption, or to type II such as Spirulina, Chlorella, Haematococcus, Scenedesmus, or Nannochloropsis with a complex cell wall. This cell wall type may include various structures associated with the membrane (cell wall, mucilage and sheaths, scales, frustules, lorica, skeleton), that make it rigid and multilayered. As an example, Figure 1c shows the cell wall of Arthrospira consisting of five layers. Overlaying the cytoplasmic membrane is the peptidoglycan layer surrounded internally and externally by two fibrillary layers. Microfibrillar framework is embedded in amorphous mucilaginous material composed of polysaccharides, lipids, and proteins. The outer membrane is tightly connected with the peptidoglycan layer, and is covered with a sheath of acidic polysaccharides (Tomaselli, 1997) . The constituents of these cell walls include carbohydrates (glucose, rhamnose, mannose, ribose, xylose, fucose, and galactose), proteins, lipids, carotenoids, tannins, and lignins. Polysaccharides in the cell wall include cellulose, chitin-/chitosan-like molecules, hemicelulloses, pectins, fucans, alginates, ulvans, carrageeenans, and lichenins (Zhang et al., 2018) .
The patterns of intracellular cell organization in algae can be divided into prokaryotic and eukaryotic groups. Whereas in prokaryotic algae, the DNA is uniformly distributed throughout the entire cell, eukaryotic microalgae present a nucleus surrounded by membrane, membrane-bounded plastids, endoplasmic reticulum, mitochondria, Golgi apparatus, pyrenoids, and chloroplasts. The chloroplasts (photosynthetic lamellae, discs, or thylakoids), confined within membranes, may have different structures and contain membrane-bound photosynthetic pigments (chlorophylls, carotenoids, and phycobiliproteins). In many eukaryotic microalgae, the pyrenoids are present within the plastids that are the centers for enzymatic condensation of glucose into starch. In addition, cells accumulate lipids in droplets in the cytoplasm.
OBTAINING HIGHLY VALUABLE COMPOUNDS FROM MICROBIAL BIOMASS
In order to incorporate highly valuable compounds from microbial biomass to the human diet, two strategies can be applied. The simplest would consist in adding the whole microbial cells to the food. However, to achieve intestinal absorption of the compounds, the microbial cell walls need to be previously removed or enzymatically digested. Furthermore, the ingestion of other compounds present in microbial cells might not be recommendable for the human organism. The other approach involves the extraction and isolation of the compound of interest, thereby avoiding the inclusion of the entire microbial biomass in the food. Extraction of highvalue pure molecules from microbial cells allows the posterior concentration and the increased bio-availability of compounds with specific bioactivities. Figure 2 shows a general process flow diagram for obtaining highly valuable compounds from microorganisms. The process begins with the selection of strains that naturally produce the compound of interest, the selection of mutants that overproduce it, or the introduction of an external gene from a higher organism into a microbial host in order to produce it. The microorganisms are subsequently cultivated under conditions tending to produce high yields of the compound, and are harvested when the concentration of the target compound in the suspension has reached its peak. There is no single best method for harvesting microorganisms; the optimal harvesting technology depends on species, growth medium, production, end product, and the cost-benefit ratio. Low-cost filtration procedures are applicable only to the harvesting of fairly large microbial cells, while small cells should be flocculated into larger aggregates. The decision of applying sedimentation or flotation methods depends on the difference in density between the cell and the growth medium. For oilladen microalgae with low cell density, flotation technologies should be considered (Barros, Gonçalves, Simões, & Pires, 2015) . Moreover, oxygen release from algae cells and oxygen supersaturation conditions in growth medium support the use of flotation methods. The use of centrifugation is required for smaller microorganisms. After harvesting, the extraction process has conventionally been carried out from dehydrated biomass because this approach permits the storage of raw matter, thereby providing the option of delaying the extraction of the target compound. Nevertheless, dehydrating the biomass previously to the extraction stage consumes a considerable amount of energy and may provoke degradation of high-value compounds due to oxidation: thus, ideally, it should be preferable to use moist biomass. Components are located within the cells, thus either following the dry or wet route; their recovery requires that they pass through the cell barriers to be liberated. The existence of an unaltered cytoplasmic membrane that behaves as a semipermeable gate, of membranes of organelles, and of other coverings such as complex cellular walls, all obstruct the release of valuable compounds. Therefore, cell disruption pretreatments are applied to break those structures and facilitate subsequent extraction. The treatments are (bio) chemical, physical, or a combination of both. Table 1 shows the main advantages and disadvantages inherent in these methods. Chemical treatments permeabilize the envelopes of microorganisms and differ in selectivity and efficiency toward different microbial species (Geciova, Bury, & Jelen, 2002) . Since each chemical substance disrupts the cells in a different way, several mechanisms are involved in the disruption processes. Antibiotics inhibit the production of cell membrane components; chelating agents bind the cations; chaotropes make the surrounding medium less hydrophilic; detergents form micelles; solvents dissolve or perforate the cell membrane/wall; alkalis saponify the membrane lipids, and acids lead to poration of envelopes F I G U R E 2 Process flow diagram production of high-valuable compounds from microorganisms
T A B L E 1 Advantages and disadvantages of cell disruption methods in comparison to Pulsed Electric Fields (PEF)

Advantages Disadvantages
Chemical treatments (Günerken et al., 2015) . The main operating parameters are temperature, time, biomass concentration, microorganism species, and the type and concentration of chemical (Lam & Lee, 2015) . Although these methods are efficient and upscaling is quite simple, the cost of chemicals and the resulting product quality might reduce the benefits. Furthermore, in the case of food applications, chemical treatments introduce another complicating factor: the "contamination" of the cell suspension by the active chemical, which often is non-food grade, thereby resulting in a higher degree of complexity in terms of downstream process operations. Enzymatic lysis with cellulases, glycosidases, amylases, proteases, xylanases, peptidases, or lipases presents advantages including biological specificity, high selectivity, and prevention of destructive conditions of other chemical methods. However, the drawbacks are high enzyme cost, difficult enzyme recovery, and long incubation times (Lam & Lee, 2015; Middelberg, 1995) . The two alternative approaches with potential use in the food industry are the use of external lytic enzymes, or the use of the enzymes pertaining to the cell that is the target of lysis. Autolysis has the advantage of saving the expense of adding external enzymes, but requires specific conditions to achieve an acceptable rate. On the other hand, physical cell disruption methods are usually selected for their simplicity and low selective capacity, allowing the simultaneous extraction of various compounds. The cells are subjected to high stress, producing breakage; depending on the method, the size of the generated cell fragments varies, and bears a direct influence on the purity of released products (Liu, Ding, Sun, Boussetta, & Vorobiev, 2016) . In comparison with enzymatic methods, mechanical techniques require a much shorter operation time (Nasseri et al., 2011) , and do not present the residue problems inherent in chemical methods. However, the application of these mechanical treatments usually produces an increment in operational temperature; biomass must therefore be cooled down to avoid undesirable heating effects, thereby increasing energy consumption. Some of these methods cannot be applied in continuous flow, and are thus difficult to scale up. Furthermore, the resulting extreme denaturalization of cell coverings leads to the leakage of cell fragments and therefore requires subsequent purification techniques, while also impeding the extraction of labile compounds that have become degraded (Biller et al., 2016; D'Hondt et al., 2017; McMillan, Watson, Ali, & Jaafar, 2013; Skorupskaite, Makareviciene, Ubartas, Karosiene, & Gumbyte, 2017; Walther, Kellner, Berkemeyer, Brocard, & Dürauer, 2017) .
As an alternative to the disruption methods we have just described, this review provides insights into the potential of electroporation using pulsed electric fields (PEF). After a cell disruption treatment, biomass can be dried, or the process can continue using the wet biomass. Extraction is usually performed by dissolving target compounds in a solvent, in order to separate them and later recover them from the liquid (liquid-solvent extraction). The solvent (organic or aqueous, depending on the polarity of the compound to be extracted) is blended with the solid, and contact is maintained throughout the required time interval. The release of a compound that is placed inside a cell requires for the solvent to penetrate the cell and dissolve the compound, then for the compound to diffuse to the surface of the cell, and, finally for it to migrate from the superficial part of the cell to the extracellular solvent. The application of ultrasound (US), microwave (MW), mixing, or heating methods improve the yields from direct solvent diffusion. During extraction, highfrequency microwaves can shatter cells, thereby improving lipid (Lee, Yoo, Jun, Ahn, & Oh, 2010; Pan et al., 2016) and pigment extraction (Choi, Kim, Park, Kim, & Chang, 2007; Pasquet el al., 2011) . Cavitation due to US during solvent liquid extraction results in micro-jetting, erosion, particle breakdown, macro-turbulences, and micro-mixing, thereby enhancing the hydration of the matrix (Chemat et al., 2017) . Likewise, in recent applications of US, its capability to form fine emulsions of two immiscible phases has been exploited in the simultaneous extraction of polar and nonpolar compounds. US-assisted emulsification-extraction uses two immiscible solvents, which, under US application, form an emulsion that allows close contact of both with the solid sample and a rapid mass transfer of the compounds to be extracted (Delgado-Povedano & de Castro, 2015) . Lipids, phenolic compounds, and pigments have been recovered using USassisted green solvent extraction (Adam, Abert-Vian, Peltier, & Chemat, 2012; Parniakov, Apicella et al., 2015) .
Supercritical fluid (SCF) extraction has been presented as an alternative method for the extraction of thermolabile compounds while avoiding the use of toxic solvents (Sahena et al., 2009; Saini & Keum, 2018b) . SCF temperature and pressure are above the critical point, thereby presenting properties that explain its greater ability to diffuse into the matrix than conventional organic solvents. Many studies deal with SC-CO 2 extraction of carotenoids (Bustamante, Roberts, Aravena, & Del Valle, 2011; Hosseini, Tavakoli, & Sarrafzadeh, 2017; Machmudah, Shotipruk, Goto, Sasaki, & Hirose, 2006; Macías-Sanchez, Serrano, Rodríguez, & de la Ossa, 2009; Mussagy, Winterburn, Santos-Ebinuma, & Pereira, 2018) and lipids (Mendes, Reis, & Palavra, 2006; Sajilata, Singhal, & Kamat, 2008) from microalgae and yeasts (Hasan, Azhar, Nangia, Bhatt, & Panda, 2016; Lim, Lee, Lee, Haam, & Kim, 2002; Wang, Chen, Rakesh, Qin, & Lv, 2012) . Co-solvents that enhance the solubilizing power of SC-CO 2 such as ethanol or vegetable oils are occasionally needed to increase the extraction yield (Lim et al., 2002) . Similarly, pressurized liquid extraction (PLE) uses conventional solvents at controlled temperatures under high pressure, thereby making it an interesting alternative process to extract antioxidant carotenoids from microalgae (Jaime et al., 2010;  Macías-Sanchez, Mantell, Rodriguez, de la Ossa, Lubián, & Montero, 2009; Plaza et al., 2012) . When compared to traditional solvent extraction, PLE shows a reduction in extraction time from several hours to minutes, and a decrease in total organic solvent consumption; however, extraction yields are far lower than those reported using other methods (Castro-Puyana et al., 2017; Gilbert-López et al., 2017; Herrero, Cifuentes, & Ibañez, 2006) .
After the extraction stage, the mixture is separated into two fractions: the liquid portion, consisting of the solution of the target compound in the solvent or co-solvent, and the residual phase, composed of the nonsoluble compounds and remains of the solvent embedded therein. Finally, the extract contained in the solvent is purified to different degrees depending on the final application of the extracted compound. For example, the production of phycobiliproteins as biomarkers for immunology assays requires highly purified molecules, while the extracts used as pigments for foods or beverages usually contain a mixture of molecules.
PULSED ELECTRIC FIELDS TECHNOLOGY FOR ENHANCING EXTRACTION OF HIGH-VALUE COMPOUNDS FROM MICROORGANISMS
Pulsed electric field (PEF) treatment is an innovative nonthermal technology that has been proposed as an alternative to the cell disruption methods described above. The process is based on the intermittent application of direct-current high-voltage pulses (kV), for very short time intervals (microseconds to milliseconds), through a product located between two electrodes. This voltage generates an electric field, the intensity of which depends on the distance between the electrodes and the delivered voltage. If the electric field is intense enough, a phenomenon called electroporation occurs, which consists in the increment of the permeability of the cytoplasmic membrane to the passage of ions and macromolecules (Kotnik, Kramar, Pucihar, Miklavcic, & Tarek, 2012) . Thereby, PEF treatment enhances the migration of compounds located in the microbial cytoplasm through the membrane, because the latter loses its selective permeability after the treatment. Depending on intensity of treatment, the cell can still be capable to reseal the pores, whereby the permeabilization is transitory (reversible electroporation), or, on the contrary, pores are permanent (irreversible electroporation) (Teissie, Golzio, & Rols, 2005) . The main parameters that affect electroporation are electric field strength, treatment time, specific energy, and temperature of application. If the electric field is maintained constant, the increment of the treatment time results in an increment of total specific energy. In general, increasing the intensity of these parameters enhances electroporation. Either for purposes of inactivation of microorganisms or for the enhancement of mass transfer processes, the objective is to reach irreversible electroporation of cell membranes. Whereas for the inactivation of microorganisms in food processing several log 10 cycle reductions of the microbial population are needed, for compound extraction the electropermeabilization of one to two log 10 cycles, which represent 90% to 99% of the population, would be enough to occasion an increment of permeability in the majority of the microbial population in order to extract the compounds of interest.
Several studies have demonstrated the feasibility of PEF for different applications in food industry such as improvement of osmotic dehydration, extraction by solvent diffusion, or by pressing, as well as drying and freezing processes. In addition, PEF is already commercialized for fried potatoes processing and cold pasteurization of liquid foods such as fruit juices .
The cell membrane electroporation phenomenon
Cell membrane in an electric field
The cytoplasmic membrane of microorganisms is only twophospholipid-molecules thick (about 5 nm) with proteins embedded, and behaves as a gel. It has very low electrical conductivity and can be regarded as a thin insulating sheet, while both extra-and intracellular media surrounding the membrane are aqueous, highly conductive electrolyte solutions ( Figure 3) . Thus, the structure formed by the extracellular medium, the lipid bilayer, and the intracellular medium is a conductor-dielectric-conductor that behaves like a capacitor (Ivorra, 2010) .
Under normal conditions in a cell, the systems of ion transport through the membrane lead to the irregular distribution of positive and negative ions on both sides thereof, generating a difference in potential called resting transmembrane voltage (RTV). However, a reorganization of charges occurs when a cell is subjected to a high electric field strength: the charges accumulate on both sides of the membrane acting as a capacitator. This phenomenon supposes an increase in transmembrane voltage, the value of which is designated as induced transmembrane voltage (ITV) (Tsong, 1991) . When ITV reaches a determined threshold, electroporation of the cytoplasmic membrane takes place (Zimmermann, Pilwat, & Rienmann, 1974) .
The ITV that occurs prior to the electroporation phenomenon depends on the electric field strength applied, as well as the size and shape of the cell. For a single spherical cell with a nonconductive plasma membrane, the Laplace equation is solved in the spherical coordinate system, yielding the expression often referred to as the steady-state Schwan equation (Schwan, 1957) where ITV is the induced transmembrane voltage, E is the electric field strength applied, r is the cell radius, and is the angle measured from the center of the cell with respect to the direction of the field (Figure 3 ). Therefore, from this equation one can deduce that the external electric field strength required to reach the transmembrane voltage threshold is inversely correlated to cell size. Consequently, the external electric field strength required to induce electroporation in microbial cells (1 to 10 μm) is higher (>10 kV/cm) than that required for eukaryotic plant cells (40 to 200 μm; <5 kV/cm; Donsì, Ferrari, & Pataro, 2010) . While the size of bacteria is typically 0.5 to 5.0 μm, yeast have a diameter ranging from 5 to 8 μm, and microalgae range from 3 μm (for example, Chlorella species) to several hundred micrometers (for example, Haematococcus pluvialis). Table 2 shows the electric field strength and total specific energy required to electroporate a certain percentage of different types of cells showing the association between these parameters and cell diameter. Heinz, Álvarez, Angersbach, and Knorr (2001) provided a graph that also takes size and orientation into account.
According to the above equation, electroporation is not uniform across the entire cytoplasmic membrane. Zones that are perpendicular to field strength direction ( ≈ 0) will be easily electroporated, since they are subjected to a higher ITV. This phenomenon has been observed in various studies performed with fluorescent dyes, in which it has likewise been observed that those areas in which transmembrane potential is at a maximum are electroporated earlier (Gross, Loew, & Webb, 1986; Hibino, Itoh & Kinosita, 1993; Kotnik, Pucihar, & Miklavčič, 2010; Kotnik, 2016) . Finally, from the above equation it can be also concluded that the cell area subjected to electroporation depends on the electric field strength applied: a greater electric field strength will allow the attainment of an ITV required to produce electroporation in areas where lower electric fields did not reach the ITV threshold.
When application of the electric field has concluded, the pores formed during treatment can reseal, or they can persist in the absence of an electric field. As the pores formed during treatment can be reversible or irreversible, two ITV threshold values can be distinguished. Surpassing the first one would produce electroporation, initiating the formation of the first pores in the membrane. By augmenting treatment intensity, either via an increase in electric field strength or in treatment time, the surpassing of the second ITV threshold leads to the defects' irreversibility: the pores thus remain permanent, even after treatment (Ivorra, 2010) . Irreversible electroporation has been associated with pore size, since the larger the size of the pore created, the longer it will take it to close once the electric field strength has ceased (Saulis, Venslauskas, & Naktinis, 1991) . In this sense, if the radius of a pore surpasses a critical value, it remains stable after treatment. Otherwise, if the size of a pore does not reach the critical radius, the cell will be able to reseal it and the membrane will return to its previous state (Joshi & Hu, 2012; Joshi, Hu, & Schoenbach, 2003; Tomov, 1995) . In order to improve mass transfer process, and thus the extraction of intracellular compounds, an irreversible T A B L E 2 Electric field strength and total specific energy to electroporate different types of cells at pH 7
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permeabilization of the membrane is required. Electric field amplitude and pulse duration have a tremendous impact on the pore size obtained, but also affect the amount of energy spent and the temperature of the medium during the process (Bodenés, Lopes, Pareau, Français, & Le Pioufle, 2016; Saulis et al., 2013; Smith, Son, Gowrishankar, & Weaver, 2014) . On the other hand, the extraction of certain intracellular target molecules is highly dependent on the pore size of membranes and their solubility in water and/or organic solvents (Bodenés et al., 2019) .
In the case of bacteria, the shape of different cells ranges from spherical (coccus) to rod-shaped (bacillus), but it can also be filamentous, spiral, or pleomorphic. Similarly, yeast cells can be spherical, globose, ellipsoidal, elongate, rectangular, pear-shaped, apiculate, ogival, or even tetrahedral. The shape of microalgae varies enormously from species to species as well. Equations similar to the one described above can be derived for nonspherical cells, provided that the latter resemble a regular geometrical body such as a cylinder, an oblate spheroid, or a prolate spheroid (for example, bacilli; Gimsa & Wachner, 2001; Kotnik & Miklavic, 2000) .
Hydrophilic pore formation theory
The most accepted model used to explain the electroporation phenomenon is currently the hydrophilic pore formation theory (Chen, Smye, Robinson, & Evans, 2006) . It is supposed that under normal conditions hydrophilic pores appear spontaneously in the cytoplasmic membrane, thereby allowing ions, water, and hydrophilic molecules to cross rapidly (passive form) through the cytoplasmic membrane. Such pores with radii below a nanometer and lifetimes below a nanosecond would form and reseal due to thermal and mechanical fluctuations (Kotnik et al., 2010) .
According to this theory, when an electric field is applied, a voltage is induced across the bilayer, thereby reducing the energy required for spontaneous hydrophilic pore formation. This facilitates the formation of a greater number of pores that are more stable than they would have been in the absence of the electric field (Kotnik et al., 2012) . Therefore, the observed increase in membrane permeability to compounds that would be unable to cross the membrane under normal conditions is a consequence of the formation of a number of pores of a large enough size and with a sufficiently extended lifetime.
However, aqueous pores in the bilayer are too small to be observed under optical microscopy, and under electron microscopy they cannot be clearly distinguished from artifacts derived from the required sample preparation (Spugnini et al., 2007) .
The main evidence supporting the theory of aqueous pore formation is that simulations of molecular dynamics permit the modeling of a sequence of molecular-scale events that includes the formation of pores when a lipid bilayer membrane is exposed to the direct action of an external field of sufficient intensity (Leontiadou, Mark, & Marrink, 2004) .
Quantification of electropermeabilization in cell suspension
The term "electropermeabilization" refers to the percentage of cells with a cytoplasmic membrane permeable to a certain substance after PEF, and it is used to evaluate efficacy of treatment (Saulis et al., 2013) . Several techniques can be used to assay electropermeabilization of cells; however, pores of different sizes can be considered, depending on the size of the molecule that is used to evaluate the capability of crossing through the membrane. If the detection of permeablization is performed by measuring ion transport through membrane, the formation of small-size pores is enough. However, the use of molecules of larger size such as propidium iodide (PI) or bleomycin can only detect the formation of larger pores. The fluorescent dye PI is a small (660 Da) hydrophilic molecule that is unable to penetrate intact cytoplasmic membrane. However, the addition of an adequate solution of this dye to a suspension that has been subjected to a PEF treatment is used to evaluate irreversible permeabilization, because the dye bonds with the cell's DNA; thus, the fluorescent cell count corresponds with the number of permeabilized cells. An evaluation of pore sizes can be obtained by dyeing the cell suspension after treatment with a range of dyes of different atomic mass, such as fluorescent Dextrane FITC (3000 Da) and Sytox Green (600 Da). While Dextrane FITC requires pores of minimum diameter of 0.8 to 0.9 nm, Syxtox Green is able to cross through pores of 0.5 to 0.7 nm (Saulis & Saulé, 2012) .
The release of nucleic acids and proteins to the medium after PEF treatment of cells is another indicator of the degree of permeabilization. It can be evidenced by the increment of optical density of the media at 260 and 280 nm, respectively. Likewise, plasmolysis of cells due to the entrance of water into the cytoplasm denotes electroporation and can be observed microscopically (Martínez, Cebrián, Álvarez, & Raso, 2016) .
PEF-assisted extraction from bacteria
The effect of PEF on bacteria has been widely investigated as a nonthermal procedure of microbial inactivation rather than as a procedure for enhanced extraction of compounds of interest from microbial cells. One of the consequences of the loss of the integrity and functionality of the cytoplasmic membrane caused by irreversible electroporation is cell death. Therefore, PEF has significant potential as an alternative to thermal food preservation treatments, since the PEF method avoids the undesirable changes induced by heat in foods (Saldaña, Álvarez, Condón, & Raso, 2014) .
Reversible electroporation is currently used as a standard to allow DNA transference in bacteria and yeast, and for the improvement of plasmid DNA extraction. On the other hand, irreversible electroporation of bacteria is one of the promising applications of electroporation that could improve the extraction of proteins or lipids (Meglič, Marolt, & Miklavcic, 2015) . Table 3 shows the benefits of PEF on the recovery of different compounds from bacteria and the conditions of treatments applied. It has been observed that some intracellular proteins can be released through the pores selectively. This depends on dimensions of the pores induced by the PEFtreatment in the cytoplasmic membrane (Ohshima, Hama, & Sato, 2000) . A varying sensitivity to this technology among strains of bacteria is observed, and the conditions of incubation after PEF treatments have a decisive influence on the amount of protein extracted. Ohshima et al. (2000) studied the effect of different parameters of PEF treatments on the extraction of three recombinant proteins from E. coli. After PEF treatment and the addition of 5% glycine that increases cell membrane permeability, E. coli/pNC1 released the highest amount of -glucosidase, corresponding to 26% of the amount obtained after ultrasonic treatment. On the other hand,amylase, which is accumulated in the periplasmic space, was easily released after PEF treatments when E. coli/pHI301A bacteria were suspended in 0.9% NaCl and 10% polyethylene glycol (PEG) solution. An amount of 89% of -amylase was extracted, and the enzyme had nine times more specific activity compared with the effect of ultrasonic treatment. These results indicated that PEF treatments can also affect the outer membrane of this Gram-negative bacterium, thereby proving useful for the selective release of periplasmic protein. Shiina, Ohshima, and Sato (2007) studied the extracellular release of recombinant -amylase from E. coli HB101/pHI301A by PEF during fed-batch cultivation. When PEF was applied intermittently from the beginning of stationary phase, the amount of active -amylase released was about 30% of the total amount of -amylase produced in the cells. Therefore, suitable PEF treatment was shown to be useful for easy and effective release of periplasmic proteins by fed-batch cultivation from recombinant E. coli.
The influence of PEF parameters on protein extraction from E. coli has also been studied. The maximum quantity of protein was leaked when cells were subjected to greater electric field strengths or lengthier pulse times (Meglič et al., 2015) . Storage at low temperatures following the treatment appears to augment the amount of proteins released with the assistance of PEF. This effect was associated with a slower resealing T A B L E 3 Recovery of intracelullar components from microorganisms by pulsed electric fields (PEF)
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of bacteria membrane pores at lower temperatures (Meglič, 2016) . Bacterial growth phase is supposed to affect bacterial metabolism, as well as cell wall structure and porosity. However, while Coustets et al. (2015) obtained the uppermost quantity of released proteins from cells in intermediate exponential phase and no effect of PEF in stationary phase, Meglič et al. (2015) , did not find differences between growth phases in terms of the amount of proteins extracted. Genetic engineering offers the possibility of producing proteins such as enzymes in recombinant bacteria; pigments such as carotenoids or anthocyanins produced by recombinant bacteria can likewise represent a continuous, feasible, and reliable source for the medical field and the food industry (Olempska-Beer et al., 2006) . Research into release assisted by PEF of these metabolites from bacteria has been scarce until now. However, for the extraction of proteins from E. coli, which is the most widely used and favorite host organism for the production of recombinant proteins, pretreatment by PEF shows great promise as a specific cell lysis method. Similarly, the extraction of lipophilic molecules could be improved, and the ratio of harmful solvents decreased, by treating bacteria previously with PEF (Meglič, 2016) . However, to optimize the procedures, numerous factors need to be well-thought-out and optimized for each bacteria strains individually: electric field strength, treatment time, pulse waveform and width, temperature, electroporation media, extraction media after PEF, and so on.
PEF-assisted extraction from yeast
The potential of selective and efficient release of various desirable compounds (proteins, glycoproteins, saccharides, or pigments) from yeasts using PEF has been widely proven (Table 3) . Electron microscopy analyses of PEF-treated yeast showed that cell wall structure was also compromised (Ganeva, Galutzov, & Teissie, 2014) , thereby perhaps explaining why varying thicknesses of the cell wall in yeast species affects the effectiveness of PEF-assisted compound release. The extraction assisted by PEF of different proteins that act as enzymes (dehydrogenases, kinases, -D-galactosidase, etc.) from different yeast species (Saccharomyces cerevisiae, Kluveromyces lactis, and Schizosaccharomyces pombe) has been reported, showing that their specific activities were higher than those obtained by mechanical disintegration or enzymatic lysis (Meglič, 2016) . Moreover, carbohydrate trehalose and intracellular proteins recovered from yeast via PEF treatment have been reported (Ganeva, Galutzov, & Teissié, 2003; Marx, Moody, & Bermúdez-Aguirre, 2011; Ohshima, Sato, & Saito, 1995) . The electroporation of cytoplasmic yeast membrane by PEF and the concomitant release of compounds are highly influenced by electric field strength, pulse width, and treatment time.
Some authors noted that a selective extraction of intracellular proteins can be accomplished by adjusting electric field strength: at lower electric field strengths they extracted mostly invertase, which is located around the cell membrane, while at higher electric field strengths mainly alcohol dehydrogenase (located in the cytosol nearby the core of the cell) was released (Meglič, 2016) . Optimized electric field strengths made it possible to exclusively extract periplasmic compounds (recombinant protein) across the pores while minimizing the leakage of cell debris (Liu et al., 2016; Liu, Lebovka, & Vorobiev, 2013) . Ganeva et al. (2015) achieved the selective and efficient recovery of large intracellular proteins from yeast by combining PEF with lytic enzymes. PEFtreatment enabled the release of a portion of all proteins, after which the addition of lyticase improved the recovery of larger proteins.
Various authors have observed that yeast cells require to be incubated after PEF treatment for several hours in order to permit protein release from cells; the time interval depends on the yeast species and the type of protein (Ganeva et al., 2014; Suga & Hatakeyama, 2009) . Apart from electric parameters, conditions of the medium are decisive in the extraction of protein from yeast. The composition of the medium is a factor that bears an influence on extraction yield and rate of release. The addition of potassium or sodium chloride to the incubation medium speeded up the leakage of proteins from Saccharomyces cells (Suga & Hatakeyama, 2009 ). The subjection of cells to a post-PEF hyperosmotic stress is supposed to accelerate irreversible permeabilization of cytoplasmic membrane and the protein extraction yield in those media was higher in comparison to isotonic or hypotonic media incubation. Martínez, Delso, Aguilar et al. (2018a) reported that the amount of released intracellular compounds depended on incubation conditions (pH, temperature, and alcohol concentration), which probably affect the disorganization of the electroporated membrane or the evolution of pore size. On the other hand, independently of the effect of incubation temperature on the evolution of pore size, it is well known that temperature also affects mass transfer, and as a consequence, the rate of a compound's release from the cytoplasm.
Yeast autolysis induced by PEF
The permeabilization of the cytoplasmic membrane has been widely described as the cause of improved release of certain compounds due to PEF; additionally, it has been newly proven that PEF treatments also activate yeast autolysis, thereby leading to the self-degradation of the constituents of yeast cells by their own proteases and -glucanases. (Martínez et al., 2016) . After PEF treatments that caused permeabilization, the release of intracellular proteins and nucleic acids from S. cerevisiae was observed mainly during the initial hours. The amount of leaked molecules was correlated with the proportion of permeabilized and dead cells in the suspension. However, the release of mannoproteins, which form part of the cell wall, progressed gradually and did not reach its maximum until after 25 days of incubation. At this time, the amount of mannoproteins released from PEF-treated cells was 10 times higher than that of those released from control cells (Martínez et al., 2016) . Mannoprotein release is a result of the degradation of the cell wall by the cytoplasmic enzymes. The disorganization of the membranous systems of yeasts during autolysis permits endogenous enzymes to come in contact with the cell wall; as a consequence, mannoproteins, along with other cell wall constituents, are released into the surrounding medium (Alexandre & Guilloux-Benatier, 2006) . Whereas natural autolysis is a very slow process, the electroporation of yeast by PEF induced cell autolysis and a significant release of mannoproteins to the extracellular medium after only 24 hr of incubation (Martínez et al., 2016) . Several mechanisms related to electroporation could be involved in the induction of autolysis by PEF. On the one hand, electroporation leads to the formation of a water inlet from the surrounding media to the cytoplasm, an effect that is indicated by the decrease in the treated suspension's absorbance at 600 nm. The decrease of osmotic pressure within the cytoplasm as a consequence of the water inlet could lead to plasmolysis of the organelles and the release of the enzymes they contain. On the other hand, the electroporation of the cytoplasmic membrane by PEF could facilitate the contact of those released enzymes with the outermost layer of the yeast cell wall, where the mannoproteins are located (Figure 4) .
It has been demonstrated that the rate of mannoprotein release from PEF-treated S. cerevisiae is affected by factors that influence on enzymatic activity (Martínez, Delso, Aguilar et al., 2018a) . The release of mannoproteins from PEF-treated yeast cells was influenced by pH, temperature, and alcohol concentration, all of which likewise affect natural autolysis.
The potential of PEF for triggering autolysis and accelerating the release of mannoproteins was also evaluated during the aging on lees of Chardonnay white wine. These glycoproteins are associated with positive effects such as haze formation reduction, the prevention of tartaric salt precipitation, and the diminution of astringency, along with the improvement of mouthfeel, aroma intensity, and color stability, thereby considerably improving wine quality. The amount of released mannoproteins increased drastically in wines containing PEF-treated yeast and reached its peak after 30 days, while untreated cells required 6 months. The mannoproteins released in a shorter time from PEF-treated cells featured functional properties similar to those of mannoproteins released during natural autolysis from untreated yeast (Martínez, Delso, Maza, Álvarez, & Raso, 2019a) .
Similarly, the potential of PEF for inducing autolysis has been studied in the red yeast Rhodotourla glutinis with the purpose of designing a more efficient and ecofriendly process of carotenoid extraction from fresh biomass. While an extended incubation of R. glutinis biomass in ethanol after PEF treatment resulted in negligible extraction, only 24 hr of previous incubation of the treated cells in aqueous medium were necessary to achieve subsequent carotenoid extraction in ethanol (95%). This fact was associated with the trigger effect of PEF on enzymatic reactions. Flow cytometry measurements detected morphological changes in PEF-treated R. glutinis cells during aqueous incubation caused by the autolysis triggering effect of electroporation. It was postulated that this improvement in the release of carotenoids was produced through the lysis of the bonds of carotenoids with other components of the cytoplasm by enzymes liberated from the organelles, as a result of the distressing osmotic conditions of the cytoplasm after electroporation (Martínez, Delso, Angulo, Álvarez, & Raso, 2018) .
PEF-assisted extraction from microalgae
The advantages of PEF technology as a pretreatment to improve the extraction of colorants (chlorophylls, carotenoids, phycobiliproteins, and so on), carbohydrates, proteins, fats, and other compounds from microalgae have been widely reported (Table 3 ). In general, PEF pretreatment enhances the subsequent release of water-soluble as well as nonpolar compounds utilizing an appropriate solvent. Electric field strength, treatment time, and specific energy all influence on the effectivity of PEF treatment. After subjecting a microalgae suspension to a PEF treatment of sufficient intensity, a strong increase in the electrical conductivity of the suspension media and the uptake of propidium iodide can be observed, thereby suggesting that an effective permeabilization of the F I G U R E 4 Mechanism involved in the triggering of mannoprotein release by pulsed electric fields microalgae has taken place (Kempkes, 2016; Postma, 't Lam et al., 2016a) . The critical electric field necessary to achieve electroporation of microalgae cells is lower than that required to electroporate smaller-sized microorganisms such as bacteria. Beyond the critical electric field strength, permeabilization commonly augments along with more intense electric field strength and longer treatment durations. However, the diminution of treatment duration from milliseconds to microseconds, combined with a small increase of electric field strength, permits to maintain or even increase the extraction yield while reducing the energy consumption (Luengo, Martínez, Coustets et al., 2015a) . Another crucial factor influencing the electroporation of microalgae is temperature during PEF processing. The rise of temperature within levels that do not cause degradation by heat of the molecules (below 40 • C) permits a reduction of the required electric field strength and treatment time to achieve a certain extraction yield and, as a result, a reduction in the total specific energy supplied by the treatment (Luengo, Martínez, Bordetas, Álvarez, & Raso, 2015b; Martínez, Luengo, Saldaña, Álvarez, & Raso, 2017) .
The extraction of small intracellular products from Auxenochlorella protothecoides after electroporation by PEF was described by Goettel, Eing, Gusbeth, Straessner, and Frey (2013) . Electroporation permitted the release of carbohydrates and amino acids from the cells, but high molecular compounds were not able to pass through the cytoplasmic membrane. Similarly, PEF-assisted extraction from Nannochloropsis carried out by Grimi et al. (2014) allowed for the recovery of ionic solutes, amino acids, and small water soluble proteins. Focusing on protein extraction, Coustets, Al-Karablieh, Thomsen, and Teissié (2013) developed a method for the extraction of water-soluble protein from cytoplasm of C. vulgaris and N. salina, consisting in a 24 hr incubation of the PEF-treated cells in a salty buffer. After that, they attained efficient protein release in phosphate buffer from both microalgae genera after a single passage through the pulsation chamber (3 or 6 kV/cm, 15 bipolar pulses of 2 ms). Analogous results were obtained when the effect of PEF on the extraction of cytoplasmic proteins from Haematococcus pluvialis was evaluated (Coustets et al., 2015) . Parniakov et al. (2015b) investigated the effect of combining PEF with subsequent alkaline protein extraction at different pH levels (8.5, 11, or 12) achieving the highest yield of 10% at the highest pH (12). Postma, Pataro et al. (2016) studied the influence of temperature on the release of proteins and carbohydrates from Chlorella vulgaris. While PEF allowed for selective release of small water-soluble components, over 95% of proteins were still retained inside the microalgal cell after PEF. In addition, the cell wall of microalgae has been mentioned by some authors as an obstacle against the effect of PEF and a barrier that impedes the extraction of large molecules. 't Lam et al. (2017) investigated this assumption, reporting the complete release of hydrophilic proteins from the cell-wall-free mutants, whereas PEF treatment of the species containing cell wall resulted in substantially lower protein yields.
Similarly, PEF has been successfully applied to recover lipids from microalgae at low energy intensities. The extraction of hydrophobic lipids requires the use of organic solvents. In some studies, the extraction yield was increased after PEF and, in others, a PEF pretreatment allowed to reduce the proportion of organic solvents or to substitute them with a more ecofriendly solvent such as ethanol. The effect of PEF treatment on lipid recovery from the microalga Auxenochlorella protothecoides was studied by Eing, Goettel, Straessner, Gusbeth, and Frey (2013) . After extraction of water-soluble components from the PEF-treated microalgae suspension, they achieved improved lipid extraction from residual biomass using 70% ethanol as solvent. Lai, Parameswaran, Li, Baez, and Rittmann (2014) applied PEF treatments to the microalga Scenedesmus prior to extraction and yielded 3.1-fold more crude lipid and fatty acid methyl ester (FAME) after recovery in different solvent mixtures. In another study, PEF was used as a pretreatment prior to extraction from cyanobacterium Synechocystis PCC 6803 as feedstock of nonpetroleum-based diesel fuel. Treatment by PEF enhanced the potential of the low-toxicity solvent isopropanol to access lipid molecules during subsequent solvent extraction, leading to lower usage of isopropanol for the same extraction efficiency. Thus, PEF showed promise in lowering the costs and environmental effects of the lipid-extraction step (Sheng, Vannela, & Rittmann, 2011) . Other authors studied the application of PEF treatment followed by the extraction of fats from Ankistrodesmus falcatus, reporting a 130% improvement with respect to untreated (Zbinden et al., 2013) . And, more recently, Gonçalves, Alvim-Ferraz, Martins, Simões, and Pires (2016) evaluated PEF for the collecting of lipids in an economically feasible method associated with microalgae cultivation in wastewater. Silve et al. (2018) incubated PEF-treated cells of Auxenochlorella protothecoides in aqueous media under inert conditions, thereby enhancing the efficiency of the subsequent extraction of lipids in solvents while reducing specific treatment energy. Almost total extraction was achieved after a 20 hr incubation period at 25 • C, while incubation on ice was still beneficial but less efficient than at 25 • C. They suggested that the spontaneous release of ions and carbohydrates due to electroporation facilitated subsequent successful lipid extraction, although a direct causality between the two phenomena was not demonstrated.
In the area of pigment extraction, Luengo, Condón-Abanto, Álvarez, and Raso (2014), Luengo, Martínez, Bordetas et al. (2015b) , and Luengo, Martínez, Coustets et al. (2015a) studied and optimized the extraction of chlorophylls, carotenoids, and, specifically, lutein from Chlorella vulgaris regarding influence of electrical parameters and temperature. A PEF treatment of 20 kV/cm for 75 μs increased extraction yields for carotenoids, and chlorophylls a and b 1.2, 1.6, and 2.1 times, respectively (Luengo et al., 2014) . A high correlation was observed between irreversible electroporation and the percentage of yield increase when the extraction was conducted 1 hr after the application of PEF treatment, but not when the extraction was conducted just after PEF treatment. Authors compared the influence of microsecond against millisecond pulses in conjunction with electric field strength (Luengo, Martínez, Coustets et al., 2015a) . To achieve a maximum extraction yield, the energy of treatments required in the millisecond range was 150 kJ/L, while for treatments in the microsecond order, while slightly increasing the electric field strength, the required energy was nevertheless only 30 kJ/L. Regarding the influence of treatment medium temperature, a treatment of 25 kV/cm-100 μs at 25 to 30 • C increased the lutein extraction yield 3.5 to 4.2-fold in comparison with control, resulting in the most suitable treatment conditions for maximizing lutein extraction from Chlorella vulgaris at the lowest energy cost (Luengo, Martínez, Bordetaset al., 2015b) . Martínez et al. (2017) applied PEF to fresh biomass of Artrosphira platensis to enhance the selective extraction of the water-soluble protein phycocyanin in aqueous media. Electric field strength (15 to 25 kV/cm), treatment time (60 to 150 μs), and temperature of application (10 to 40 • C) were found to influence extraction yields, but a delay of 150 min at the onset of extraction was observed for all conditions. This delay was attributed to the fact that low molecular weight molecules can pass through the cytoplasmic membrane directly after electroporation, while the leakage of components of larger molecu-lar weight might need that the pores generated by PEF treatment enlarge over the progression of time. Similarly, Jaeschke et al. (2019) achieved high yields of proteins and phycocyanin from A. platensis after PEF treatments of 40 kV/cm using 1-μs pulses (112 kJ/kg). The yield increased with incubation time after PEF treatment.
More recently, Martínez, Delso, Álvarez, and Raso (2019) studied the extraction of another water-soluble phycobiliprotein, phycoerythrin (BPE), into aqueous media by the application of PEF to fresh Porphyridium cruentum. While the release of this water-soluble protein was undetectable in the untreated cells even after long incubation times, the entire content was released from PEF-treated cells after 24 hr of extraction. The protein was not released immediately, however; a delay time of over 6 hr was necessary till the pigment could be identified in the extraction buffer. This kinetic points out that BPE release requires not only the diffusion of the pigment through the cell membrane, but also the disassembling of the molecule from the cell organization. In this respect, it was postulated that PEF could trigger the release of hydrolytic enzymes from the P. cruentum organelles that would lyse the bonds between the pigment and other compounds of the cell; thus, the water-BPE complex could diffuse through the membrane, carried by a concentration gradient. However, it is required to go deeper in the understanding of this mechanism and identify the enzymes involved on microalgae autolysis and especially on autolysis triggered by PEF. This would permit the development of the process for an industrial implementation. Overall, PEF treatments show to be a very promising technique useful for microalgal cell perforation on a large scale. The efficiency of PEF pretreatments is high enough to achieve significant extraction yields. The treatment improves extraction selectively, and thus the extracts obtained by PEF-assisted method are purer than those obtained using other methodologies that consist of the total destruction of cells such as bead-beating, crushing, ultrasound, or high pressure homogenization producing release of impurities. The energy consumption of PEF is much lower than in those conventional techniques (Carullo et al., 2018; de Boer, Moheimani, Borowitzka, & Bahri, 2012) . In addition, regarding nonpolar compounds recovery from microalgae, which constitute a promising source of these metabolites, PEF treatment followed by autolysis induction during aqueous incubation permits to substitute the injurious organic chemicals by more safe and ecofriendly solvents (Martínez, Gojkovic et al., 2019c) .
CONCLUSIONS
This review has provided insight into the PEF-assisted extraction of compounds from bacteria, yeast, and microalgae. The key benefit of PEF pretreatment for improving extraction processes compared with other methodologies that involve heating is that PEF is a nonthermal technology. The moderate energy delivering required for cell electroporation do not provoke a significant rise in the temperature of the product, thereby preventing the undesirable consequences of heat on the quality and purity of the extracts. Conversely, severe cell disruption procedures such as milling, bead-beating, crushing or ultrasound result in total cell destruction, thus causing a nonspecific leakage of cell compounds. PEF nevertheless does have a selective action on the cytoplasmic membrane and can thus enhance the selective release of intracellular compounds without compromising the cell's general structure. The obtained extracts are therefore usually purer, reducing the necessities for additional purification stages (which would lead to an increase in expenses). Specifically in the case of microorganisms, the PEF-assisted extraction of high-value compounds presents an advantage over standard techniques: the opportunity of performing the extraction with fresh biomass instead of after dehydration, leading to the replacement of detrimental chemicals with greener solvents and the possibility of extracting molecules selectively. As a final point, PEF is a process that is low in energy consumption and can be implemented in continuous flow, allowing for a feasible scale-up to processing capacities in the magnitudes of thousands liters per hour. Furthermore, the simplicity, speed, and viability of adaptation of PEF to industrial equipment harbor the possibility of combining it with other methods.
In general, PEF pretreatment allows the selective extraction of various compounds achieving high yields. However, PEF parameters should be tailored to each species, considering their structure, size, and other factors affecting efficiency. Furthermore, the recent discovery of the triggering effect of enzymatic activity of cells after electroporation and incubation open up the possibility of new applications of PEF for the facilitation of extraction of compounds that are bounded or assembled in structures. As in all other cases, PEF parameters, along with suspension storage conditions, must be optimized to reach the desired effect. Further research will lead to a more exact understanding of the mechanism implied, and of how the process can be applied on an industrial scale.
However, the technique also has some drawbacks and limitations. The power required to apply the treatments is highly dependent on the conductivity of the treatment medium. Therefore, when microbial cells are cultivated in media of high conductivity, it is not possible to directly treat the microbial biomass, thereby requiring to decrease the value of conductivity by diluting or re-suspending microbial cells in other medium. On the other hand, PEF technology is not a conventional technique in the industry, and the current cost of available equipment is thus high. In any case it is expected that these costs will decrease in the near future, once PEF becomes a more widespread technique.
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